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FOPEWORD

- This report summarizes a comparison of the effects on boiler size

and weight of the use of cesium and potassium as working fluids for Rankine

_._ cycle space power plants. The work _Tas conducted by the Oak Ridge National

e_- Laboratory for NASA under AEC Interagency Agreement 40-98-66, NASA Order

,_ W-12353. Technical management was performed by A. P. Fraas at the Cak

'i_y Ridge National _-• L_ratory, and project management for NASA was performed

by S. V. _anson at NASA Headquarters.
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DESIGN OF B01LER-SUPER_ATERUNITS FOR REPRESENTATIVE

CESlu%4AND POTASSIUM SPACE POWER PLANTS

T. T. Robin

ABSTRACT

r

Boiler designs were developed for both potassium and

cesium systems. _o design approaches were used. The first
was based on using vortex generator inserts to centrifuge

droplets to the walls and thus improve heat transfer in the
transition region. The second was directed toward design for

low-liquid entrainment in the boiling region. The results

indicate that the cesi_n boiler is heavier than the potassium

boiler by a factor of ]-.3for the vortex generator approach,

and by a factor of 2.7 for the low--liquid entrainment approach.

Further, it appears that the low-liquid entrainment approach

yields boilers that are smaller by a factor of about 3 to 5

and lighter by a factor of about 2 for potassium; for cesium

the weight saving from use of the low entrainment approach

appears to be only about 20%.

INTRODUCTION

The Oak Ridge National Laboratory was asked by NASA to undertake a

comparative study of cesium sud potassium Rankine cycle systems for 300

Kw(e) space power plants with the objective of highlighting the principal

differences that result from the use of one fluid or the other, and the

principal advantages and disadvantages of each from the standpoint of the

design and development of the individual components and the complete in-

tegrated systems (AEC Interagency Agreement 40-98-66 NASA Order W-12,353).

,_,Design studies for a series of boilers for potassium and cesium

RankSne cycle space power systems were developed. These design studies

were S_arted on the base provided by the information presented and/or re-

ferenced in companion reports, that is, thermodynamic cycle data developed

in the turbine study, I the information gathered on potassium and cesium
i"

boilers in the survey of component and system design and test experience, 2 J
t

and the general background of experience at Oak Ridge National Laboratory

in the design, operation, and control of boilers and other heat exchangers.

This report begins with _ summary of the basic fluid-flow and heat-

transfer considerations which affec_ the design of once-through boiler-

superheaters. In light of these basic considerations two design

"1969003923-008
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philosophies for minimizing the boiler-superheater weight and volume are

outlined. Several boiler-superheater designs were developed for potassi_n

and cesium using both of these approaches. From the resulting d_signs,

comparisons were made between the potassium and cesium boiler-superheater

units with respect to weight and volume.

The first design philosophy used was the vortex generator spproach

' which employs a twisted tape to improve the heat transfer coefficient

downstream of the point where dry-wall conditions develop. The second

design philosophy used was the low-entrainment approach. Here the transi-

tion from annular flow to a dry wall condition is deferred by using a low

flow rate and by reducing the temperature difference between the primary

fluid and the working fluid sufficiently so that the resulting heat flux

will be relatively low in the critical region.

$

BACKGROUND ANALYSIS

Q

Basic Fluid-Flow and Heat-Transfer Considerations
,i

In the design of a once-through boiler, consideration must be given

to the various fluid-flo_ and heat-transfer regimes that prevail through-

out the length of the boiler tube. These regimes may be character_ied as

follows:

1. Preheating with no boiling

2. Preheating with some nucleate boiling (Subcooled boiling)

3. Nucleate boiling with bubbly flow

4. Annular flow _ith vaporization from the surface of the film
J

5. Mist flow with a dry wall
._ ..

6. Superheating of dry vapc_'.

From the design standpoint, the heat-transfer coefficient is very high

throughout the first four regions so that for desigz purposes they can

be treated as a single region with a single average heat-transfer coef-

ficient. In the fifth region, heat transfer may occur either by the

usual forced convective heat transfer through the boundary layer at

the interface between the _ube wall and thegas, or by impingement of

liquid droplets on the wall and their evaporation. The latter,



J

/

of course, gives a much higher heat-transfer coefficient, but it is diffi-

cult to predict to what extent it trill be effective, particularly since

" the liquid droplets tend to move in a core down the center of the channel,

and will have a low probability of striking the wai2s unless something is

done to throw them outward. In the sixth region the heat-transfer coeffi-

cient can be _stimated in a straight-forward fashion from basic forced

convection-heat transfer considerations.
!

revie_.rof test data from once-Lhro1_gh boliers indicates that the

annular flow region fades out into a series'0f dis zrete rivulets, which

rapidly dry up to give a dry-wall c0ntitiolJ. The vapor quality at which

this occurs, and hence the amount of liquid dropletsi2ntrained in the

vapor stream, varies with the mass-flow ra_e, the Reynolds nux_ber in the

vapor, the >_cber nu_foer of she liquid film moving along the wall, etc.,

but, for the range of interest in this study, generally fell in the region

_ }_ of 80 to 95%. In ge_.cral, the quality at which the dry wa].l condition

occurs is reduced as the mass flow through the boiler tube is increased.

. The boiler designer is, thus, confronted with a choice in his effort

to minimize the boiler voh_. One approach is _o use a high flow rate

_ and a high heat flux. This situation usually resulbs in a dry-wall con--

dition at a relatively low quality_ perhaps as little as _0%. If the
[

dry _ail condition develops at, _ay_ 80%, the heat load in the dryer-

superheater will be about one-quarter thst in the boiler region. Owing

'_o the large decrease _n the heat transfer coef_icient from annular flow

- conditions to the dry wall cond!tion_ the required heat ti;ansfer surface

area in the dryer-superheater becomes a significant part of the total

required area, pe_'haps 50 to 80_. As an alternate approach, the designer

may choose to use a low flow rate and a low heat flux in the high quality

region of the boiler to maintain the annular flow region until the vapor

quality reaches 90 to 95_. This results in a slightly longer boiling'

region (the increase in length is relatively small since the boiling heat

. transfer coefficient is large), .but the resulting heat load in the dryer-

superheater is much reduced_ and _can result ir_a much shorter dryer-

• superheater region.

1969003923-010
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Description of Design Approaches

Several different sets of conditions were used to develop a series

of designs. This approach has the advantege that it shows the effects
4

of both the design philo._ephy &nd design conditions on the relative size

and weight of cesium and potassium boilers for space l_ower systems as well

as something of the advantages and disadvantages of the various designs

that stem from the different conditions.

Two principal design philosophies were considered. The first used

vortex _enerator inserts in each boiler t:,be. Primarily, these inserts

i_crease the heat transfer coefficient downstream of the region ._nwhich _

the dry wall condition has been reached. This incre _se restllts from the

centrifuging acticn cf the vortex generator on liquid droplets dispersed

in the vapor. The second design approach was aimed at minimizing the _.

: _ production of liquid droplets "#nichbecome dispersed in the vapor. This
r

_ was accomplished by keepiDg the vapor velocity low in the annular flow ;

region so that droplets would not be entrained from the liquid film on . ,

the tube wall, and by deferring the transition to the dry wall condition

to higher q_alities. The ad_yantage of the latter approach is that more i !

liquid evaporation occurs from the liquid film on the tube wall, which

is the more efficient place for the evapors.tion process. To dry out those

liquid droplets that remain in the vspor_ a 180 ° bend in the tube in the

sunerheater region can he en_!oyed to centrifuge the dispersed droplets

. to the tube wall where they may be evaporated efficiently.

Vortex Generator Approach i

, The vortex generator has its primary effect in the transition range

and produces a body force field under zero-g conditions. This effect

acts to centrifuge liquid droplets to the tube wall where they evaporate i

and thus increases the heat transfer coefficient. Boilers employing

these inserts have been designed for both paraJ!el flow and counter- _L

flow operation. Both AiResearch s_4 and General Electric s,s have done

development work on potassium boilers using this technique. Mercury _"

boilers using vortex generatcrs are being developed by Aerojet.7 Aerojet 7
!

has reported that their design failed to produce fully dried vapor. This I

means that the centrifuging action of the vortex generators is not I

i

969008928-0
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necessarily 100% effective (possibly in part because some liquid flows

along the surface of the insert through the boiler rather than being

evaporated).

Another disadvantage of the vortex generator approach is the unheated

wall effect investigated by Becker. 8 This effect occurs in the annular_

flow region when some li_[id film covers a surface which is not heated,

such as that of a twisted tape insert. Since the surface is not heated,

no evaporation occurs from it. Thusj the liquid collecting on the un-

heated surface will not evaporate unless it can be returned to a heated

surface. Further, the amount of liquid film on the heated wall tends to

be significantly less than would be the case if no insert were present.

Thus, the dry wall condition is reached at a lower nominal vapor quaiity.

By forming a thermal bond between the twisted tape vortex generator and

the tube walls, the tape could be made to act as a fin and reduce the above

effect. However, this increases fabrication difficulties.

Low Entrainment Approach

i The difficulty of evaporating liquid that has been dispersed in the
. vapor has led to consideration of the low entrainment approach. In this

approach, an effort is made to minimize the amount of liquid which becomes

entrained in the vapor.

There are several possible sources of the liquid droplets that enter

the vapor core. At the transition from bubbly flow to annular flow, it

is possible that some of the liquid from the ligaments between bubbles

may remain dispersed in the vapor. It is not believedthat this transition

represents a significant source of liquid droplets3 although further re-

search to determine its magnitude _uld be valuable.

For water systems, bubble nucleation In the liquid film in the annu-

lar flow region has been observed by Hewitt9 to throw liquid into the

vapor core. Hewitt observed that the number of active nucleation sites

was insufficient to make much contribution to the total entrainment. The

question now arises: will the same phenomena occur for liquid metal

systems? Considering the hlgh thermal conductivity of the liquid metals,

the temperature drop across the thin liquid film will be small even for

high heat fluxes. The surface temperature will be close to the saturation

1969003923-012
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value, and thus the temperature at the liquid metal-tube wall interface

will be only a few degrees higher than saturation. In light of the fact

that liquid metals require large superheats for nucleation if no nuclea-

tion sites are present it appears probable that no nucleate boiling will

occur in the annular flow region for these fluids, although Petersonl°

states that his results tend to indicate bubble nucleation for potassium
!

in the annular flow region. Even if nucleation were present, the total

amount of liquid entrainment that it will induce will probably be small

as indicated by Hewitt. Further research may be in order to determine

whether bubble nucleation in the liquid film is a significantsource of

liquid entrair_ent for liquid metals.

A third source of liquid entrainment stems from the action of the

high velocity vapor on the surface of the low velocity liquid film. The (

film_ll tend to form waves and, if the vapor velocity is high enough,

some liquid will be torn from the wave crests. This process has been

experimentally investigated by Chien and IbeleII for water systems. They

develgped the following criterion for the transition from annular flow to

annular-mist flow stemming from liquid entrainment from the wave crests:
I

ReI . Re_0.301 = 1.199 x 106 (i)g

where

Re! = 4 m /vDN , the superficial vapor Reynolds number
g g- g

Re_ = 4 m_/_DN_, the superficial liquid Reynolds n_aber i
Z

6_ = vapor mass flow rate, ibm/Sec

m_ = liquid mass flow rate, ibm/See

!
D = tube inside diameter, ft i

= vapor viscosity, ibm/sec-ft I

, N_ = liquid viscosity, ibm/Sec-ft

Tong12 has reported an equation developed by MozharovIs for the

entrainment of liquid from the liquid film. The equation predicts the

1969003923-013
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critical vapor velocity above which liquid will be entrained from waves

in the liquid film and is as follows:

x• v Tv D(I-X) ' (2)

where

= the critical vapor velocity, m/sec,

q = surface tension, kg/m,

Pv = vapor density, kg/ma;

X = vapor quality,

D = tube inside diameter, m.

Equation (2) also suggests a critical mass flow rate:

Pvv*v
;" G* .- . (3)

! Equations (i) and (3) may be used to estimate mass flow rates below which

'_ , no liquid entrainment from wave crests will occur.

: A final possible source of liquid droplets in the vapor core is the

phenomenon termed the critical heat flux. This is a complex phenomenon,

and a complete understanding of it does not presently exist. At the criti-

cal heat flux conditio,b the heat transfer process changes from evapora-

tion of the liquid film to that of heat convection and liquid transport

through the vapor and evaporation of any liquid that impinges on the wall.

The above explanation of the critical heat flux implies that something

causes the liquid film to separate from the wall. There are several ex-

planations for this occurrence. One is that the velocity of the vapor is

high enough to rip the liquid off the wall. Another explanation suggests

that once a dry spot appears, its surface temperature will rise. As the

temperature rises, lateral conduction occurs; the local temperature and

1969003923-014



heat flux on the rim of the dry spot increase; the area of the dry spot

spreads and, eventually, the _ritical condition is reached.

Hewitt:s study 9 of _his process in water systems is significant.

The following paragraph from his report is of intereet:

When a heat flux was applied 3 water was lost from the fiS_n

by direct evaporation from the liquid surface or by generation
of steam bubbles on the heated rod (i.e., by nucleation). The
reduction of the water flow rate in the film led to the attenuation

of the large disturbance waves on the film surface and eventually,

at a point near the top of the heater, a small dry patch began to

appear intermittently. This dry patch began to grow down the rod

and others appeared around it as the heat flux was further increased.
The liquid flowed in narrow streams around the dry patches which

now had a continuous existence, although their boundaries were
oscillating. The areas of the surface which were dry were, of

course, still being heated and the rod rose in temperature at these
_ points; eventually this "_-isein temperature was sufficient to cause

_ the resistance-operated trip to come into action.

• I! t!
"_ Hewitt concluded that the dry-wall phenomenon was clearly t_e result

simply of progressive loss of water from the film by evaporation and

entrainment, and the local value of the heat flux at the site of the

transition was of only secondary relevance.

Hewitt's conclusion that the heat flux is of only secondary rele-

vance should be qualified if a wide variety of conditions is to be con-

sidered. For an overall indication of the characteristics of the

critical heat flux condition from 0 to 100% quality, it has been useful

to consider the critical heat flux as aft,metion of the critical quality.

This correlation suggests that the critical heat flux decreases as the

quality increases. (For potassium, experimental data are plotted in

this manner in Fig. 9_ p. 28, which was produced by Bond and Converse. 6)

The designer should keep the heat flux below the indicated critical

value if he wishes to avoid a dry wall condition from the inlet up to the

_ desired high quality region.

In the high quality region, the heat flux becomes less important

(as indicated by Hewitt), and the mass flow rate has a strong effect on

the transition from annular flow to the dry wall condition. In general 3

the higher the mass flow rate the lower the critical quality. For the

1
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case of potassium, Yarosh z4 has concluded that the same relation holds.

Thus, to defer the transition from annular flow to the dry wall condition,

the designer should provide a low flow rate near the high quality end.

Another possible source of liquid droplets might be associated with

the wetting characteristics of the working fluid. Experience with mer-

ctu'y has sho_a_ that it does not wet steel well, and hence it gives an

unstable annular-flow region. However, since potassium is known to be

szrongly wetting, poor wetting was not considered as a factor in this

work.

Four possible sources have been cited for liquid droplets in the

vapor core :

i. Transition from bubbly flow to annular flow.

2. Nucleation and bubble release from the liquid film in the

annular flew region.

3. Entrainment of liquid from wave crests in the annular film.

4. Transition to the dry-wall condition.

The low entrainment approach to the design of once-through boiling

operation has the objective of minimizing the above sources. The first

• source appears unavoidable 3 but it is not believed to be large, and, if

some liquid droplets are formed at this point, they have almost the

entire length of the boiler tube to re-enter the liquid film. The second

source is not believed to be a factor for alkali metal systems. The

third source may be eliminated by keeping the vapor velocity low enough

so that the criterion of Eq. (i) or Eq. (3) is satisfied.

To minimize the effect of the fourth source an effort can be made

to prolong the annular flow region, that is, to increase the value of •

both the critical heat flux and the critical quality at which it occurs.

Several measures appear possible in this case. First, assuming that the

critical heat flux is not exceeded in the low quality region, the vapor

velocity may be made small enough so that it will not tend to generate

large waves in the liquid film and thus help to avoid a transition from

annular flow to a dry wall condition caused by high vapor velocity.

Secondly, textured surfaces may be used which will help keep the liquid

film on the wall. Finally, the heat flux at the high quality end of the

boiler may be kept below the value which characterizes the transition =

3969003923-036
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from annular flow to'the_:_y wa_l condition. After the geometry and

flow rates are fixed, the heata-_lux is controlled by the temperature

differende between the primary fluid'a@d the working fluid. A low heat • "

flux in the high quaii_L_i_e_in_._f_the-boiler can be obtained by using

a parallel-flow arrangement rather than a cou_terflow arrangement w,hich

would g_ve the maximum heat flux in the high quality region.
-)

, Unfortunately, the high quality end adjoins the superheater region. °

Low heat fluxes in this region result in an unacceptably large surface

area requirement for the superheater. A more appropriate arrangement _

would be to have a parallel-flow boiler up to the dry wall region and
J -' ,l

then have a counterflow arrangement for the dryer-superheater. This

arrangement can be obtained if the primary fluid enters both ends of the

,_ boiler and exits from the boiler in the vicinity of the "critical heat

flux" region. As shown in Fig. l, this arrangement requires an extra

entrance for the primary fluid as compared to the more conventional

:_ arrangement. The flow rates of the primary fluid entering the two

._.- regions may be orifieed, so that the change in fluid temperature of the
_, two streams will be the same. This orificing would result in _ low

!_ temperature difference in the high quality region of the boiler _hile
i

still giving a relatively large temperature difference for the super-
b

_ heating process. •An improvement over t_.s orificing is illustrated in _

- Fig. 2. In thfs Case, the flow f_'action through the boiler is made '

smaller than for the case of Fig. 1. _The temperature difference at the

exit of the boiling region can thus be adjusted_to as low a value as

deslred, and the heat flux at the exit of the boiling section can be_

made, low enough to defer the dry wall condition until a high vapor quality

is obtained. Also, since the primary fluid flo_ rate in theoparallel
O

portion is reduced, that in the counterflow (dryer-superheater) region

must be increased. This adjustment increasesothe overall temperature

J difference in the dryer-superheater and results in a reduction in the

_' required heat transfer area. The only apparent penalty is the practical • _

problem of mixing two liquid metal streams having a substantial tempera-
!

ture difference. _ • '

I
I

Q
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General Boiler Requirem_ '_--_ts and Design 2' //' "> _recep_s

, t)

') The boilers considered in this study are components in complete ,_ ,

space power "-_lant systems. ,The requirements these .bo£-!ers must satisfy, -_

are summarized in Table 1. Note that the vapor at the exit of the boiler > _,
l

_ is to be fully dried (no liquid droplets) and superheated.

The boiler, design work was approael_ed by dividing the boile._ into

three regions : The preheater region,the boiler region i and th_ super-

heater region. * The first task was to e_timate the heat loads,in each

_region. This •requires an assumption about the operating pressure _in the

boiling region. For both cesium and potassium the pressure _.n the boil-
kl

ing region was assumed constant and equal to the pressure at the exit of

the boiler. .! f the pressure drops are small, this-assu_tion, will be _' _

,,approximately true0 If .thepressure drops are,large, the calculated .

design values will need some adjustment for a final design. Howeven_

for the purpose oi" this 2c0_arison between-, cesium and potassium,'° _c_e

,, above assumption was found to be acceptable. ,'

After estimating l_i_e heat loads, the teinperature difference at the

, . e_ranceL_ s_d exlt of_each sectio.U ,_as._2:dula:e: W::D;2e;: e"I_/_ was calculated for each region? he o t

overall heat tran'sfer coe_icient_u, was calculated. The requii_@d_ heat //; o' ," ' O /

/_trans.fer area for each.region was _hen estimated

'_ '_ " >(I" '_ Heat Load i_ o
.+ ,,_ g Area"= LMDT x U . ') , (_) 4_

From the area, _)thelength of tubing require_ was calculated together with,

,:,. ,_the pressure _drop across the boiler, o _;

•For,the low entrainment designs, _the subcooled and boiling regions <_

were _urther divided; however, these calculations were done on a computer
program which will be discussed-in a later section. . _-

)

O

//7/ , °

,(
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J/ Table !\_¢iler Requirements
o

c') o j

_/ " _ o Primary Primary
" Exit Exit Flow Total 'Fluid (Li) Fluid (Li)

• , Energy],
Temperature Pressure Rate I_ad Inlet _t'

' Temperature '\' " Temper_ture._,

(°F) , (psia) (lb/se_.)' (Btu/lb) ,, (°F) (°F)'o .:.

Potassit_a

Boiler 2150 214.3 2.22 752.1 .2300 2200

Cesium
o Boiler 2150 314.6 _,8.9 187.0 2300 : 2200

• , <> , : ., ,_

_" vortex Generato_ Desi-n z_
" , <_ ' __..______ _±_ . 'i.7,

The equations' and procedures used for develo_i_ the boiler heat

transfer coefficient were deve_pped by Peterson. rocedure was '

referred to as the average parameter approach. The_e_ations grid symbols

used for this approach are summarized in Appendix A. '_

i..... • The major design information for this ap/_z-_ac_h is..sho_rn in a curve _"

o , _a from.-O to 100% quality versu_ theof avera_ t transfer coefficient

•radial accei_ation (See Fig. 3 and Appendix A). ,F°r radial accelerations ,

between 80 and lO0 g's, the average boiling heat transfer coefficient _
,1 I o

varies from about 3500 to 6000 Btu/hr-ft2-°F. This information was

_. develQ_ed from experimental data for potassium, similar data were not ',

'_available for cesium.._A widely accepted procedure for estimating the

heat transfer characteristics of boiling _esium from the data for boiling

o -< pl)tassium_as n;t av"_ilable. For lack'of anything more appropriate

) _ Fig. 3 was also _sed f_r the cesium.

In order to reduce the area required for the boiling section;_high

o value of the average boiling heat transfer coefficient is rdquir_d. This,

i_ e ., in thrn, requires a high radial acceleration. To produce a high radial

acceleration, the number of boiler tubes should be kept low, yet pressure

', drop considerations require a relatively large number of tubes for the

cesium design. > _other requirement was 'that the average boiler heat flux

" be kept below 200,000 Btu/h'_-ft _ which represents the upper limit: of the

-," /)
,)
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experimental data (se'e Fig. 3); This number is directly proportional to o

the overall heat transfer coefficient and £NTD. The overall heat-transfer
i ,i

coeffic!ent is in partdependent on the tube spacing, and this was adjusted '

so that the above average heat fluk was not exceede%. --

• The design precepts used for these boilers are listed in Table 2.

Table 3 gives the step-by-step calculation procedure _or theboiler _

design. '

O

able 2. Design Precepts for the Vortex Gener_ato_ ,Approach "

_,_ ',_ -, •

i. Tube ID of 0.75 in_ _

2.' Tube wall thickness of 0.03 in. _
)

3. Vortex gefferator insert constructed of a sblid l,od with " '-
a metal ribbon wrapped spirally}_rou,ud'it to give a " '
spiral pitch-to-tube diameter ra_o of 1.0 with a rati_

_ of the solid rod 0D to the ,tube ID of 0.2 (this e_nstruc-

" tion is similar to that of Ref. 15.) ,_ "'

.<,..... 4. The conductivity of the tube wall material equals
" • 35 Btu/hr-ft-°F. '

5. The Everage heat transfer coefficient in the boiling
region was taken from Fig. 3.

O
J

6. The average heat flux ih the boiling region should(be o o •

kept less than 200,000 Btu/hr-ft 2 by adjusting the _ _ " i_
_ Q tube'_pacing. _"

,_ 7.. Counterflow. ,,
D

8. Equilateral triangular tube array. ,_ _;_ ,

o "

,.$ o

@ ,) /h

d

o

u, ,1

, i
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LoW Entrainment Design

The precepts for the approach to _he low entrainment design are listed
o

in Table E. The first requirement in these design calculations w_s to

determine the maximum flow per tube s6.kthat entrdrinment of liquid from
//

wave crests will not Occur. For this purpose, the Chien and !bele cri-
" r_

terion expressed in Eq. (i) was Used. The results are given in Figs. 4

and 5 for severs_ values of the,mass flow rate for potassium and cesium

in straight tubes. The data correlated by Eq. (i) show some scatter as

might be expected. Thus, the value used for the _mass '_flow1Bte _hould

be chosen to be conservative to some degree. From Figs. _ and 5, i_ ap- _

_ _, pears that a mass velocity of about 40.0 Ibm/sec.ft_ will be accepta61e
_\ for axial flow through a straight tube. "

The Chien and I_ele criterion suggests that it would be advantageous

\ to taper the _ubes so that the vapor velocity will be roughly constantJ

throughout the length of the boiling region'. Inasmuch,as the surface-

vol_e ratio increases as the tub_&i_meter is reduced, this approach will

help reduce the boilsr _volume and weight. Further, while the problem is

,, too complex to treat here, taperi_ jthe tubes has a benefic';al effect on

boiling flow stability by increasing the pressure drop per unit of length

in thff-_irst portion of the boiler and reducing it in the latter portion.

Although the use of tapered tubes is unorthodox, and might appear to°pre -

o sent a procurement problem, developments in tube reducing in recent years

have made high quality tapered tubes production items that are available
O

'!; from a number of well-established vendors.

Curves similar to those inFigs. 4 and 5 were prepared for tapered

_'/ tubes and are shown in Figs. 6 and 7. These curves required an assumption

concerning t_e tube .ID as a function of quality. This relation was as-.)

sumed to be a linear function With an ID of 0.2 in. at 0% quality, and a

value of 0.45 in. at 100% quality. A linear relation does not give an

exac_tly constant vapor velocity in a uniformly tarred tube; however, the
-' ._JC "'_ .

results _ill give a reasonably good estimate of the effect of the tapered

_ tube. A mass flow rate of 0.0S865 lbm/sec (which is equivalent to

, ! 35 ibm/sec'ft_ at the end of the tapered section) appears to be a reasonable

value for an ac_ceptable flow rate.

, ,/) _,

" <) ,) "_
, , )
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Table 6. Design Precepts fourthe Low Entrainment Approach

i. _abe wall thickness of 0.03 in. '_
f

)
k

i - / )

" 2. Tube ID of 0.45 in. for straight tube boilers. For

tapered tube boilers, the inlet ID >was taken as
_ O.20 in. and the exit ID 0.45 in. The tap4_ring would

' end at the exit of the boiling region, and_t,_-_tube_:<
' would be straight with an ID of 0:45 in. through the

superheater . , >

3. Equilateral "triangular tube array.

4. Parallel-flow in the boiling region and counterflow

in the superheater section with orificTng of thg

primary fluid stream to produce a low temperature-k O

' difference at the exit of the boiling region.

5. The conductivity of the tube Iwall material was assumed

to be 35 Btu/hr-ft-°F. -_ ' <!

6. A boiling heat transfer coefficient of i0,000

. , Btu/hr-ft2-°F w&s assumed for both potassium' and
cesium. , _

• /. The mass flow rate per tube and the heat flux were
kept low enough so that the flow 'wculd be in the >

,,annularregion up to the specified vapor quality.

0

8. Simple axial fins inside the superheater tubes

would serve to triple _he surface area over a bare
tube of the same ID.

9. The superheater area requirements were based on the he,at

transfer coefficient of pure v_por.
\

10. The spacing betweenotubes was held constant at 0.0625 in'.\,

,J
'3

!;,7 ,
0 ,¢ o

o

o

0

0

-- I" .__1 ..... _ .... ; _ ,.., "--_ . _ I
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Fig. 6. Chien and Ibele Correlation of the Transition from Annular
Flow to Annular-Mist Flow for Potassium in Tapered Tubes.

,\, _ Y
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,b

Fig. 7. Chien and Ibele Correlation of the Transition from Annular

Flow to Annular-Mist Flow for Cesium in Tapered Tubes.

//
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Mozharov's criterion (Eqs. 2 and 3) for the entrainment of droplets

from the liquid film was also used to estimate the maximum allowable mass

velocity for the straight tube designs. The results are given in Fig. 8.

For potassium, the maximum mass velocity is predicted to be about

20 lbm/Sec-ft2 which is about 50% lower than the Chien and Ibele prediction.

0RNL experience indicates that the data on which M/_harov's criterion zs

was based were low as a consequ6nce of poor wetting. Thus the Chien and

Ibele criterion• was used for the present study. An additional straight j

t)(be_design for potassiumwas developed using a mass velocity of

20 ibm/Sec-ft2to indicate the magnitude of the trend if Mozharov's _

criterion were mole nearly correct, i

The second relation to be established for these designs is that

between the quality and the heat flux at the critical condition. The

• Phenomena are complex, and only rough estimates may be made at this

point. For the ease of potassium-, the data reported by Bond and Converse 18

: i_ useful. These data are reproduced in Fig. 9 and Table 5. For a

0.43-in.-ID tube with a flow rate of about 47 lbm/Sec-ft2., the critical

condition was a heat flux of about 50,000 Btu/hr-ft 2 at a quality of 90%.

From these values and the correlation representedby Fig. 9, the following

values were selected as design limits:

Quality Heat Flux

(%) (Btu/hr-ft 2)

i 86.5 65,000

; 90.0 50,000 ,

j,' 93.5 35,000

97.0 20,000 _

The above values are in line with experimental investigations performed

at 0RNL19 for potassium. The boilers were designed to give the critical

heat flux condition for the specified quality at the exit of the boiler

region. Each of the above listed conditions was selected for a separate

design.

For cesium, almost no critical heat flux data exist. As in the

vortex generator designs, for the present study, the simplest and most

/ i
.f

I _, I .....

1969008928-088
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| I " D, Hellx_ q 2 Tiat

o Faolllt_I in P/, l_/.eo-,t °, _ S_bol
300 KW 0.67 None 80 to 101 1553 to 1705 0 •

X 7 Two- 0.67 6 34 to 45 1604to 1687 88 to 91 i

.-u Fluid 0.92 6 18 to 37 152250 1675 9 to 75 •

_ Test _[IC 0.92 2 16 to 19 1541 to 1655 80 to 117
100 Klf 0.TT Hone 15 to 22 2100 O

\ 0.42 None 31 to 62 1688 to 2106 0
_'_ 6 Radiant- 0.74 6 16 to 22 2100 0.4 to 9 [_

,.ted 0.,4 2 2oto 8_ l_._to_lO0 8to1,5 11
m \ TeatRii '0.16 s.ooth _48 to 46 l_._to 2104 0 V

AB;lulua

k .,. ,17to.
U_. _ 0.74 Coil . 18(X) to "-'105 9 t_ 80 )_

@

I; Q.: •o 3

, o
4J

L I ! i I irj - -.

O.2 O./r 0.6 0.8 1.0 /

C..i_ical Quality s x c

Fig. 9. Potassium Critic_l Heat Flux Data and Empirical Correl_-

tion. (Bond, Ref.' 6).
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Table 5. Potassium Critical Heat FI_E_ Data for a

0.45-in. ID Tube (Data taken from Ref. 6)

Saturat ion Flow Critlcal Critical

Temoerat re Rate Quality Heat Flux

(°F) (lbm/ see-ft2) (%) (Btu/hr-ft 2)

2105 61.6 81 157,000

2102 61.7 74 224,000

2100 31.0 66 !0!_000

1838 41.2 57 171,000

2104 47.6 88 95,000

2i04 47.6 85 94,000

2105 47.6 89 50;000

2105 47.6 90 50,000

2105 47.6 89 53,0C0

2105 47.6 87 50,000

I 2105 46.7 59 211,000

2106 46.5 61 214,000

reasonable procedure was to assume that these characteristics for cesium

are the same as those for potassium.

In an effort to minin_ze the system weight, one would like to use

a small spacing between boiler tubes. This has several effects. First,

the resulting boiler shell inside diameter is smaller, and thus the

thickness of the casing and the surface area are smaller. This results

in smaller casing weight. Second, the primary fluld inventory is te- l

duced and this also results in a smaller expansion tank. Using

tapered tubes gives the boiler a larger heat transfer surface area per

" unit volume and the primar Z liquid inventory is further reduced. Also,

tapered tubes probably result in more stable two-phase _flow operation

than straight tubes. Additional information concerning flow stability

is given in Ref. 20. Orifices may be placed near the tube inlet to

1
: !

; .- . .-YJ_:k , , _;'. _"_:li_fl/ ?_"9,U _'_ '-"<_:'_:. "'_ ....... _ii_&*_ " "_ "'_ _'_ _ _-'_
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increase flow stability and provide nucleation sites. The parallel-flow

arrangement will result in high temperature differences between the

primary Tluid and the _orking fluid at the inlet end which will also

enhanc_ nucleation. The high superheat requirement to initiate boiling

in liquid metals is discussed in Ref. 21.

After selecting the _rking fluid fi0w rate per tube, the quality
/.

and heat flux at the exit of the boiling region and the geometry, the

next quantity to be selected was the primary fluid flow rate in the

boiler region. This value was primarily determined by the allowable

heat flux at the exit of the boiler region. This heat flux is equal to

the product of the overall heat transfer coefficient and the temperature

difference oetween the primary fluid and the working fluid. For the geo-

metries selected, the overall heat transfer coefficient was_approximately

4000 Btu/hr-ft2-°F. _br_the case of 90% quality at the boiler exit, the

heat flux limit was 50,000 Btu/hr-ft 2, and thus the required temperature

difference at the exit of the boiler region is approximately

50,000 _ 12.5°F

The temperature of the working fluid was set by the pressure 3 and was

approximately 2125°F; thus the primary flui_ exit temperature was about

2138°F. Since the heat load (Btu/sec) in the subcooled region and the

boiling region are known, along with the primary fluid inlet temperature

(2300°F), the prims_ry flow rate maybe calculated from Q = mC &T:
P

Heat Load (Btu/sec)

Flow rate (lb/sec) =
(2300°F- 2138°F) - " Btu ,

The resulting values for the flow rates were about i0 lb/sec. One may

immediately question the effect of not being able to orifice the flow

to the exact calculated value. This could easily result in having the
J

-i

. ,, _.,' .... ,_..- -.- _._..,_._.i:._-_ _, ......... " " , _-."_, ....... m mnma'_mm'nn_mm--N
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exit tenmerature difference twice as great as desired if the flow rate

is higher than design value, or it could be almost zero if the flow rate

were less than desired. First, it should be emphasized that there "" no
ll_ :I

posslbl_1oy of physical ourn-out of the tube wall. Since there is no

heat generation in the boiler, the maxim,mnachic_rable temperature is

tha_ of the primary fluid at the inlet which is far below the melting

temperature. However, if the flow rate is above or bele_z its d_sign

value, the vapor quality leaving the boiler region will be slightly less

than the design value. _ _igh _i.... *n t_e ............ _ la_--S, _,l heat ±_u__will b_

higher and the dry wail condition will occur at a lower quality. For

low flow rates, the heat flux will be low and the total heat transfer

will be less than that required to produce the design exit a_a!_ty. For

flow rate variations caused by inaccurate orificing, which would probably

be about 3 to 5% of the total f!o_',the drop in exit quality would be

small, less than 3 or 4% quality. This may be inferred from Fig. 8,

which shows that the bulk of the change in quality occurs in the begin-

ning and that only a small amount of heat addition occurs near the exit.

i A computer code was written to perfcrm the actual design calcula-

tions for the subcooled region and the boiling region for these designs.

The details of this code are d_cribed in Appendix B. The major input

numbers are the flow rate of the primary fluid_ the flow rate of the

working fluid, the number of tubes, the heat loads, the tube ID, and the

tube spacing. The output information consists of the tube lengths and
\

the pressure drop across the boiling section _,
\ i

In the computer calculation the heated uengths in both the sub-

cooled region and the boiling region were divided into ten sections.

The length required for each section was then calculated. This pro-

cedure was required for the tapered tube designs because the overall

heat transfer coefficient varied significantly from the small end to

the large one. This procedure was also used for the straight tube

. designs for convenience. For the tapered tube designs, the reqaired

boiler length for each section was calculated by assuming that the tube

ID was constant over that section. For the straight tube designs 3 the

above assumption was .kact. The pressure drop over each section in the
/

boiling region was'also calculated; the pressure drop in the subcooled i

I
I

I
I
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32

portion was neglected. /.Also, it should be mentioned that a trial-and-

error procedure was used for the tapered tube designs. This procedure

was required since the tube ID at any location could be calculated only

if the total length were kno_m.

The details of the calculations for several boiler-superheater

units are given in Table 6.

J
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Weight Estimation

The boiler weights for the designs of Table 8 were estimated on

the basis of the precepts listed in Table 7.

Table 7. Precepts for Weight Estimation

!i

i. The density of the structural material was taken as 8.9 gm/cm 3.

2. Figure H 6.3 of Ref. 16 was used to estimate the header sheet
radlus.

3. The pressure of the primary fluid wa_ taken as 50 psi.

4. The pressures of cesium and potassium were taken as 350 and 250 psi,

respectively.

5. The maximum allowable stress, Smax, was taken as 1950 psi.

• 6. The header sheet was assumed to be a segment of a spherical shell

with an included cone angle of 90° .

t = P r/Sin 45°
2S × 2/_.a

max

S
max t2

where a is obtained from Fig. 8.2 of Ref. 16.
p r2

7. The header casing was taken as hemispherical.

Pxr
8. The header casing thickness was taken as t = 2xS

max

9. The shell thickness was taken as t = P x r/S @

'_m ax

1969003923-044
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Major Reference Designs

Boiler Number _ 1 2 3 4

Tapered Tube Straight Tube Straight Tube Straight U
Boiler of AiResearch Boiler of Boiler o]

OP_-TM-1366 Boiler NASA-.CR-842 NASA-CR-8 j
(Counter Flow) (Parallel-Flow (Counter Flow (Counter I

With Vortex Without V,

Generator) Generatoi
_ Potassium Potassium Potassium Potassi_

i. Thermal output, Mw , 2.2 0.3 8.3 8.3

2. Thermal output per tube, k_/t_e 12.5 15.8 32.7 32.7
3 Vapor density at exit, lb/fi_s 0.226 0.0757 0.25 0.25
4. Vapor velocity at exit, ft/_ec 50 515 56.8 56.8

5. Vapor flow rate (total), lJ_/sec 2.72 0.2 9.36 0.36

6. Vapor flow passage exit a_ea, ft_ 0.24 0.0051_ 0.659 0.659
7. Tube ID at _nlet, in. 0.3 , 0.2525 0.69 0.69
8. Tube ID at outlet, in. 0.5 0.2525 0.69 0.69
9- Number of tubes 176 19 254 254

10. Area required in subcooled region, ft2
ii. Area requirea in boiling region, ft_
12. Area required in superheater, ft _
13. Total heat transfer area, ft2 6.18 /

14. Length of subcooled region, ft q 0.291 °0.258
15. L_ngth of boiling region_ It _ 2.19 11.4
16. Length of superheater, ft = _.15 9.65

17. Total boiler length, ft 4.4 4.1 _,5.66 21.31
18. Tube wall thickness, in. 0.03 0_03 0.03
19. Primary fluid temperature at inlet, °F 2000 1800 2_Q0 2200

20. Primary fluid temperature at e:.itt__F 1900 1700 2050 2050
21. Working fluid temperature at. inlet, °F 1800 ii00 1200 1200

22. Working fluid temperature at exit, °F 1850 - 1600 2150 2].50
23. Design pressure in boiler _8_2 150 150
21_. Friction pressure drop in hsiliog region, psi 18 0.6

25. Friction Pressure dro_ in _uPe_eater, psi
26. Momentum pressure drop , psi
27. Total pressure drop3 psi 16.0

28. Average heat flux, Btu/hr-f_ _ 85,000 160,000 ii0,000 30,000

29. Heat flux at exit of boiler re_ion, Btu/hr-ft 2
30. Total boiler volume, ftS

31. Shell inside radius (inlet/o_tlet)_ in
32. Shell thickness, in.

33. Shell weight, ib
34. Head thickness (inlet/outlet), in.

35. Head weight (inlet/outlet), 3b
36. Header sheet thickness (inle_outlet), in.
37. Header sheet weight (Inlet/outlet), l_
38. Tube weight, ib

. Total dry weight, ibTotal wet weight, ib

I

, . '_,, .,/i'_._" "' _,"-_'/'_I ., /t '_ "=::I , .
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Table 8. Su_naryof Data for Boiler Designs
L

Low Entrainment Vortex
Potassium Potas:;It_

I J

4 5 6 7 '8 9 i0 i_

t Tube StrafghtTube StraightTube StraightTube Tapered Tube Tapered Tube TaperedTube Straight Tube StraightT_t,e
of Boiler of' Boiler Boiler Boiler Boiler '_ Boiler Boiler Boiler
-842 NASA-CR-842 (BoilerExit (BoilerExit (BoilerExit (BoilerExit (BoilerExit (BoilerExit (Ceunt,e.-rlr_
r Flow (CountcrFlow Qualityuf Quali_y oi' _uality of Quality of Quality of Quality of Uith Vorte×
ortex WithoutVortex 97%) 90%) )7%) 90%) 90% WithTube 97% For _ow 0) Generator) "
tor) Generator) Bend in Superh.
slum Potassium Potassium Potassium Potassium Potassium Potassium Potassinm Potassium

6.3 I.76 i.76 i.76 i.'16 i.76 i.76 i.16
•32.7 34.5 34.5 30.7 30.7 30.7 17.6 88
0.25 O.361 O.361 O.361 O.361 O.361 O.361 O.361
56.8 132 !32 116 116 116 67.3 83.0
0.36 2,22 2.22 ,' 2.22 2.22 2.22 2.22 2,22

•_ O.659 6.0463 0.0_ O.0527 O.0527 O.0527 O.0908 O.074
0.69 o.45 0.45 ' 0.2 0.2 0.2 0.45 0.75
0.69 0.45 0.45 0.45 0.45 0.45 0.45 0.75 :
254 51 51 58 58 58 i00 19

O.476 O.477 0.263 0.265 0.265 O.485 !.955
26.936 19.56 26.251 19.ii 19.ii 28.096 ._0.8
5.862 16.952 6.671 19.30 7.75 11.023 3,595 :
33.274 36.99 33.18 38.67 "27.13 39.604 _36.-_8

0.258 0.0743 0.0744 0.0749 0.0750 0.0750 0,0386 0.508
11.4 4.203 3.0_3 5.186 3-7 3.7 2.236 8.0 " "
9.65 O.861 -2.49 ,0.862 2.49 1.0 O.826 " "q_. 7
21.3] 5.138 5.617 6.123 6.27 4.775 3.i -'.378
0.03 0.03 o.o3 o.o3 o.03 o.o3 o.o3 o;03
2200 2300 2300 2300 2300 2300 2300 2300
205C 2200 2200 2200 2200 9200 2200 2200
1200 2005 2005 2005 2005 2005 2005 2005
%150 2150 2150 215o ' 2150 2!50 215o 2150

: 150 214.3 214.3 214.3 214.3 214.3 214.3 2,14,3
- 2.04 1.52 20.1 10.20 ,"0.20 0.11 ' 44.0

0.032 0.09 0.29 0.08 0.04 0,018 2.7
0.7 0.7 0.52 0.52 0.52 0,17 0.23
2.77 2.31 20.91 i0.8 i0.76 O.3 25.73

)0 30,000 180,500 162,500 181,000 155,o00 221j00_ 151,600 165,400
20,608 51,106 20,878 51,467 51,467 19,757
0.586 __0.642_ O.596 .9.696 O.613 _0.796 3.19
2,29 2.29 i.45/2.56 i.45/2.56 i.45/_.8-_ 3.435 4.025

, 0.0587 O.0587 0.0661 0,0661 O.0661 O.0881 0.103
17.8 19.4, 19.6 20 19.0 26.4 97.9
O.148 0.1.48 O.093/0.165 O.093/0.165 O.093/0.246 O.79 O.258

"" 1.55 "_,.b5 O.396/2.21 O.396/2.21 O.3961>''0.32 5, 25 8.4/,
O.526 O.526 O. 5/0.-5_- O.5/0.588 O. 5/1.5 O.79 O. (_¢ --
I.136 i.66 O.79/2.53 O.79/2.53 0.79/4.1 6.34 i0.8

58.4-2 :/ 86.9 60 93.9 53.9 77.9 63.0 ,
8_ 7 112.7 85.6 i19.9 38.5 122.0 199.4

8!/, 5 120.2 87. 9 129..7 99. ! 134. O - 278, 0

,/
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2OO5 185C 1850 2_%5 i_50 •
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.XJ4.0 0.075 0.47, 51.2 %_'74

".8 2.7 O.Ol_ 0.0!i !.7C ,'.007

--- 0.73 ' 0.09 :0.068 0.27 " --. -'--_'"
25.73 0.178 O. 553 33. ; O.549

,_,Oq 165,'-.00 88, "_6C- 81, 300 If,,;.-3" 109,000

-__ h_,79C _9,155 49,! 55

_,_ 3.19' i,i75 i. 2 2.32 0.783
:_ 4.025 4.58 2.7_f4_87 4.84 2.74/7.32 ',
'.8] O._0_ O. ii_ 0.128 0.124 O.0038

9V.9 _. 2 37.6 73.9 21.5

_ 0.25_ 0,fll O.25/0,44 9.434 O.AS/O,562
8.ZJ 17.4 3.75/'20.9 2C.5 3.73/30. 2

, O._4 i.' 4 I.04/1.6.3 i.08 i.04/1.0
!0, 6 20. 2 5.5/23.2 20. ? 5. 5/1.5..1.

-' 63.0 192 213.0 67.6 i- 150
0 199.4 309 L. 304.C 224.3 226,i

0 _78.0 331.7 3_9 292.3 2_. 5
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RESULTS AND DISCUSSION

o

The results of the design calculations for a variety of boundary con-

ditions are summarized in Table 8. Wote that a major variable was the

quality at the exit of the boiling region (which then determined the heat

flux giving a dry wall condition). In addition, several criteria were

employed for the maximum allowable vapor velocity to avoid liquid entrain-

ment, and both straight and tapered tubes were considered.

Vortex Generator Approach

The designs using the vortex generator inserts are given as Boilers

No. ll and 14 of Table 8 for potassium and cesium, respectively, and a

layout of Boiler No. ll is given in Fig. 13. For comparison of these de-

sign calculations with a unit that has been operated, test data for an

•AiResearch boiler (see Hers. 3 and 4) are included under Boiler No. 2.

Assuming that the product of the overall heat transfer coefficient and

the LMTD are approximately the same, the required heat transfer area would

be proportional to the heat load. On this basis the AiResearch boiler may

be compared to Boiler No. ll which is similar. By multiplying the total

area for the AiResearch boiler (6.18ft s) by the ratio of the he_t loads

(1.76/0.3)_ the result is 36.6 ft2 as compared to the design value 36.28

ft2. This comr_rison gives confidence in the calculations listea in Table 8.

The cesium boiler has a dry _¢eight of about 224 lb while that for po-

tas_"_ is 200 lb. (The corresponding wet weights are 282 lb and 278 lb,

respectively.) The design procedure entailed varying the tube spacing

until the average heat flux in the bo_ling region (from 0 _o 100% quality)

was less than 200,000 Btu_hr.ft 2 (to be consistent with Re-'. 5 and Fig. 3

of this report). For th_ vortex generator designs described in Table 8, a

_spacing of 0.8 in. Was used for the potassium while that for cesium was i

0.4 in. The resulting average heat flux from 0 to lO0%"quality was 186,000 !

"" Btu/hr-ft s fc potassium and 197_000 btu/hr-ft s for cesium. This indicates i

that the potassium design could be improved by reducing the spacing. _or

a proper comparison between the weights of the cesium and potassiu_.bollers, I

both designs should have-the same average heat flux. An additional potassium !

J
,. .... ----,__,__._q:W_-_-.T _-- - --_._._-.;_ --._ r_.._ _.--,........._._-_....... _ __a_
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design was prepared with a spacing of 0.4 in. These results are as follows:

Table 9. Potassium Boiler Weights
for Vortex Generator Design

Average Heat Flux Weight

S_acing 0 to 100% Wet

' kin') (Btu/hr-ft s) (ib)
J

0.8 186,000 278

o.4 256,o0o_ lOe.4

By linear interpolation between the above two cases, it wasestimatedthat

a potassium boiler with an average heat flux (O to 100_ quality) of 197,000

B_u/hr-ft 2 would have a wet weight of about 175 lb. This indicates that

the ratio of the boiler wet weight for cesiu_ to that for potassium is

224/175 = 1.28. From a previous study, 2s a value of 1.65 was obtained :

for this ratio for designs using vortex generator inserts.

The weight of this vortex design may be compared to the low entrain-

_ merit design for boiler No. 9 of Table 8. This ratio is 175/99.1 = 1.78.

The overall, pressure dro_ across the above four cesium and potassium

boilers range from about 1% to 15% of the boiler pressure It is believed• i

at 0P@_L that satisfactory flow stability could be obtained in the tapered i

tube boilers with some supplemental orificing at the tube inlets for pres-

sure drops as low as 5%, but the low entrainment cesium boiler (No. 15 of

Table 8) has a pressureldrop that is less than 1% of the boiler pressure,

and _his is proba_iY too low. To ir_rease it, the number of tubes would

ha _ to be reduced together with tl e exit design vapor quality. Time did

not permit further study. ) "

(

._/ Lo_T Entrainment Approach

• The characteristics of a typical boiler designed on the basis of the

low entrainment ap_'oach are shown in Fig. I0. Seventy-five percent of the ..

total evaporation is completed in less than half of the boiler length.

This condition results from using parallel flow to keep the heat flux low i

near the boiler outlet and _hus increasing the quality for the transition. i

!

]

.... _' _,,._:'_,_2_ a_r,_,_'_W-__._ ''. - '
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from annular flow to a dry wall condition. Thus, using a low heat flux

requires a longer boiler length. Intuitively, one might expect that a

nearly optimum design would result when the boiling region is terminated

at the point where the heat flux in the boiling region is equal to that

available in the superheater. To i_vestigate this problem, several values

fo_ the design quality at the exit of the boiling region were chosen.

The results for potassium are shown in Fig. ii, and those for cesium are

shown in Fig. 12. For the tapered tube potassium boiler, the minimum

overall tube f@ngth is obtained for a boiler exit quality of about 94%.

T_m correspo_Jding value for cesium would be about 98%.

A possible improvement over these designs occurs when the design quality

is set at 90%. The boiling length required for a tapered tube potassium

design is 3.75 ft. The superheater length is 2.49 ft, calculated on the

basis of simple forced convection gas heated transfer relations. However,

if the superheater tube is bent 180 deg, ORNL work on vapor separators in-

dicates that over 994 of the entrained droplets would be centrifuged to the

wall where they would be quickly vaporized. Thus the superheater length

probably can be reduced to about 1.0 ft as a consequence of the improved

heat transfer obtained by centrifuging the moisture to the wall in the
[

bend. This design advantage was considered, and the resultz are tabulated

as Boiler NO. 9 of Table 8. In this case, it was assumed that dry saturated

vapor entered the straight portion of the superheater immediately downstream _
7

of the bend.
/

Preliminary layouts for _oiler Nos. 8 and 9 (with and without credit

for the improved heat transfer in the bend) are shown in Figs. 14 and 15,

respe,tively. The design taking credit for the improved heat transfer in

the bend gives a weight reduction of about 70 lb. For comparison between

the weights o_ _b_..ecesium and the potassium boilers, the 90% quality cases

for tapered and straight tubes were used. For the 90% straight tube case

the ratio of the weight for cesiL_ to that for potassium is 309/113 or

2.73; for the tapered tube case, this is 319/120 or 2.66.

The J tube configuration was also considered for the cesium system.

This design is reported as boiler No. 15 in Table 8. The amount of super-

heat achieved in the tube length necessary for a full 180 ° bend was signi-

ficantly larger than the required 25°F. Thus, the boiler weight could be

reduced by considering a bend of less than 180°F.

The above results apparently stem from several effects. For the

minimum entrainment approach, the vapor heat transfer coefficient for

i

. ' .i-'".'<.,?_i,,,,_,i!).." .,,-._:' ' '.
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cesium is about one-third that of potassium. This requires more super-

heater area for cesium than for potassium, and thus increases the weight

difference. Also, the Chien and Ibele criterio, indicates that the mass

Ve]odity for potassium and cesium are about equal. Since the total flow

rate of cesium is higher than that for potass!mn, the cesium systems

require more tubes and thus the shell radius is larger. With a larger
I

shell radius, the header sheets, headers, and shell must all be larger,

thicker, and thus heavier. Fo[_the vortex generator design, the mnnber
4Jl

of tubes for the cesium boiler was also greater than that for p3tassium.

This requirement was also caused by the higher cesium mass flow rate; the

number of cesium boiler tubes was made as small as possible in light of

pressure drop considerations. Again, the larger number of tubes resulted
\

in a larger shell radius and thus more weight.

The above cases were desi?ned using the Chien and Ibele criterion

for the n_ximum vapor velocity. Boiler No. l0 was designed using

Mozharov's criterion.13 This case may be compared to that of Boiler

No. 5. These results indicate that the more severe criterion would

increase the boiler weights by a factor of 122/83 or 1.47.

f

PART LOAD AheadTRANSIENT CHARACTERISTICS
-, "b

The design calculations presented _bove were based on steady state

operation at full power. Since the system will operate at part load

du_ing most of its _life, the par£ load characteristics of the proposed

deslgns are important. Also _ since load changes are anticipated, tr_nsient

operation should be considered. These conditions have been investigated

for one cesium and several pot_.ssiumboilers.

In order to estimate the above characteristics, the system control

•_ scheme must b6_specified. Various approaches to system control are dis-

cussed in a companion report on system integration_ and one is shown to /_
o

be the most promising of t'ueseveral'considered. The main features of

this control scheme pertinent to the boiler operation are outlined in

Table l0 and Fig. 16. Based on these precepts, the relations between

1 the temperature and pressure of the vapor at the turbine inlet and the
,J

l

• /

_m_.m_ _..--___ _-:-_. _- .... ,,_ ....-,_..............,........ _.
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Table 10o System Control Scheme

i. Vary the Rankine cycle working fluid feed flow rate to the boiler to
[ o

maintain a constant turblne speed (the flow rate will be _oportional

to the load.)

2. The relation between the working fluid flow rate and its temperature

' and pressure at the inlet to the turbine for part load operation will

be approximately

_,[:ere

w = weight flow rate, ib/se6 _

T = temperature, °R

P = pressure, psi

c = a constant, 0.528 for the potassium systemm

3. The saturation temperature and pressure in the boi!e_ at part load

will be approximately the values indicated in (2) (neglecting the

pressure drop). :'

4. The ten_erature at the turbine inlet will be measured to indicate
the load.

?;

5. The reactor controls will be operated to vary Lne reacto_ outlet
temperature according to a schedule that will depend on the indicatcd
icad.'

i

\

i ,I

I

• . -s

,.)

J

,- . ,.

, ( .}
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i q

flow rate for part load condibions were calculated and plotted in Fig. 17
T

for the potassium system. -The problem now is to determine a proper choice :

for the schedule@ reactor outlet temperature that will result in reason-

able pa_¢ load operation. _

Another set of considerations is presented by the effects of rapid

" changes in load. A rapid change in electrical load, up or down; will

cause a correspondingly rapid c1_ange in the potassium flow rate. This

will resu3.t in a rapid change in the temperature of the vapor at the

boiler exit. The reactor _ystem w_ll respend by changing the reactor

outlet temperature. However_ owing to the the_nal inertia.of the reactor

system: a significant delay time (of the order of many seconds) will be

encountered before the reactor outlet temperat_re can reach the scheduled:
C

value for the new condition• Thus, during the initial phase of the
L

transient: some moisture may be present in the vapor entering the turbine '" c

which, if it is large, may cause damage. Tlle worst possible case is that

for an infinite reactor system delay time. This case may be evaluated
,\

• by using a steady state analysis considering the _eactor out.]et tempera-

ture to have its initial value while the potassium loop operates at_the

- new flow rate. This is equivalent to consider:.ng the effects of a load

change with the control scheme for the reactor outlet temperature in-

operable.

i

Vortex Gene rator,,,,Part ,_

Theprocedure used for the steady state design for full power was

based on Fig. 3. For the present purpose a more detailed method based !

on the equations liste_ in Appemdix A was used, The subcooled region I

was neglected in this calculation. The procedure was first to assume !
{

a value for the lithi_n temperature at the potassium inlet_end, The I

potassi_n temperature at the inlet was obtained from Fig. 1.7after !

selecting "thel,-ad (i.e., the potassi_n flow rate). Thus, by knowing <

. the temperature difference and assuming a boiling heat transfer coeffi-

cient of i0,000 Btu/hr-ft _ (and using the same lithium ar.dtube wall ,

• the_nal resistance as tbe original desi_._), the heat f)/ax was calculated.

This value was assumed constant over a O. 5 ft_ area of the boiler. By _ 1 _

i

i_ z ' 1
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: multiplying the heat flux b_ 0.5 ft2, the total heat transfer through

that area was obtained. From this value the change in potassium quality

• and the decrease in lithium temperature over this area were calculated.

At,this point a new temperature difference was calculated and the

• process was repeated for the next 0.5 ft 2 area of the boiler. At each

point the heat flux was compared to a transition heat flux which was

calculated as

q" = (i - x) x 850,000 Btu/hr ft2

where x.is the quality. This is an approximation to Fig. 9.
• I!

Once the local heat flux was greater than q , the heat-transfer co-

efficient on the potassium side was calculated according to the transi-

- tion heat-transfer coefficient as :23

: (hTB 1 -x 0.7
"hv - i) 2.55× i0_(-7-)

• (1+ aR)i/5-- (aT)2

where

hTB = transition boiling heat-transfer coefficient, Btu/hr ft 2 °F

= vapor phase heat transfer coefficient assuming all-vapor
hv flow at the total mass velocity, Btu/hr-ftS-°F

aR = radial acceleration in g's, (see Appendix A)

x = quality

AT = Temperature difference from tube wall to bulk f].uid, °F

When the quality was equal 'toor greater than one, the pure vapor heat

transfer,Jcoefficient was used and the heat addition was used to calculate

the increase in the temperature of the potassitun vapor.

' After the total boiler heat transfer area was considered, the

temperature of the lithium at the potassimn exit end of the boiler was

noted. If this was not the desired value, the procedure _as repeated _ith

a corrected guess for the lithi_n temperature at the potassium inlet end.

!
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_ The above procedure was developed as a computer code for the CEIR

remote access computer. A listing of this code 'appears in Appendix C.

The results from the above analysis are tabulated in Table ii. _

-\

Table ll. Part Load Conditions For the Vortex Generator Design
of Boiler No. i0

Potassium* Fotassium
Reactor

Exit Quality Temperature
Boiler at Boiler

Temperature Exit Exit

(°F) (°F)

1. Steady state at 100% power 2300 ]..008 = 2151.6

2. Step increase of 10% full

po_,_r from steady state
at 100% power 2300 0.81_ 2160

3. Steady state at 60% power 2093 i.055 2063.9

4. Step increase Of 10% full

power from steady state o
at 60% power 2093 .937 1985.

5. Steady state at 60% power 2123 1.064 2098.9

6. Step increase of 10% full

power from steady state

at 60% power 2123 1.025 2052 _,i

*Quality greater than 1.00 indicates superheat,

4

Low Liquid Entrainment _art Load Analysis

The part load characteristics for these designs were calculated

using a procedure similar to that for the vortex generator design. The i

code used for these calculations is listed in Appendix C, The precepts

for these calculations are tabulated in Table 12. The procedure is •

straight-forward except for calculating the effective heat transfer

coefficient in the bend. It is expected that the radial acceleration ° !

produced by the bend will force the liquid droplets to the tube wall and

i
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Table 12. Precepts for Part Load Calculations for low
Entrainment Design.

i. Neglect the subcooled region.

2. The heat transfer area in boiler region (paral]el-flow) is 19.1 ft2;

the area in the bend of the superheater is 2.66 ft2; the area in the

straight portion of the superheater is 5.09 ft2.

3., The lithium flow rate is 9.3 Ib/sec in the parallel_flow region, and

7.71 ib/sec in the counterflow region.
/[

4, The overall heat transfer coefficient is %700 Btu/hr ft2°F in the

boiling region upstream of the dry wall condition.

5. The heat transfer coefficient i..the transition region is: 23

hTB - l) O. 7

_ + %) (z T)2 ,.:

x = quality
/

7'

AT = temperature difference from bulk to wail, °F
2

a_ = radial acceleration in g's; equal to the square of the tangential
liquid velocity divided by the product of the radius of curva-
ture :and-the 'acceleration of gravity_ g = 32.2 ft/sec _.

hv = vapo!!heat-transfer coefficient for 100% quality and total flow.

6. _a_R = 0 for straight tube;

7. For the bend, _R is given by:

,, VT2

%--g-7

Assume f" r = 1.2" = .i ft (average for bundle)

VT = (vapor velocity at 100%. flow)(w/2.2@_) !-

JY
'i\
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Table ,12 (Continued)

3 •

'w = total flow, ib/sec = 2.22 Ibm/see fo_&O0% power "' ,\) '

& ratio of vapor,velocit) to liquid velocity 14.1

/
Thus, _ A 4.25 w2 \

" IO%_, Test for ,d_ wall condition may be neglected from 0 _o _ quali_y.
From 30 to,lO0_ quality the following relation is L_ge6:

,/
II

q, = 850,000(i- x)

)

will increase the heat-transfer coefficient. The heat-transfer coeffi-

cient in the transition _'egion, with radial acceleration developed by

twisted tapes was correlaLed by Peterson 2S. This correla,_ion was used

_/ for estimating the heat transfer coefficient with radial acceleration

developed by the tub_bend as a first approximation. The results,of ,.

these calculations are shown in Table 13. ,

/
i

/

Discussion' of Part Load Results

One of the primary reasons for choosing the control scheme shown

in _ig. 16 was that/operation at part load cQuld be achieved wi_h the
reactor outlet tenrp_rature signlficantly reduced from the, design value

of 2300°F for !00%power. By operating at a lower temperature, the

limitations imposed by creep are greatly reduced.

The par_ load characterlstiGs for the vortex generator design and

the low entrainment design may be coml:_re) ! from Tables ll and 13_ For

_he vortex generator design, a 10%step increase in load from steadY

state at 100% power will result in llqui_q (quality of about 80%) enterlng o
@

the turbine. For the 60%,power case, a step increase of 10% will result

/ in moisture at the turbine inlet for a reactor outlet temperature of

/ 2093°F while for a reactor outlet temperature of 2123°F a 10% transient/

\ should cause no problems.
\,

,\

/_. -)
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Table 13, ,Part Load Conditions for Low Liquid Entraimnent Design

'"' (Boiler No. 9)

/
>

,o

).

1 i7 Operation I Lithium" Potassium* Potassium
, _\, Temperature ')Quality Temperature

_I at Reactor at Boiler at Boiler '
, Exit Exit Exit

i,=,_

(°F) ., (°F)'
i

i. Steady state at lO0_power '2300 1.008 2144

2. Step increase of 10% full power

from steady state at 100% power 2300 0.942 2160.0
) J

3. Steady state at 60% power _ 2050 1.01_ 1968.4
) ) )

4. Step increase of lO%_full power

from steady state at 60% power 2050 0.964 1985

,;' *Quality _reater that__,O0 indicates _superhe_t.• / , ,

• For the_low liquid _ntc'airm,entdesign_ a 10_ step increase in load

\ from steady state at 100% _ower will also result in liquid (the vapor
• , , \

quality would be about 94%) entering the turbine. These results/Yindicate
that at full power the low'entrainment design boiler ban acce_ _ larger

step increase in power for a given allowable moisture content at the ,

turbine Inlet_han the vortex generator design. However,_t 60% load, "

the Vortex,design looks better "for_eactbr outlet temperatures abou_

2125°F.

One disadvantage of the low liquid entrainment design is "

the possible dammge due to thermal stresses created by mixing two liquid ,_

meta], streams of different temperatures. Problems of this typehave been

experimentally investigated byKeyes and Krakoviak 24. In the designs

• proposed here, the low _emperature lithium flow°frOm the parallel-flow

region is mixed with the high temperature lithium flow from the counter-

flow region. For the 100% and 60% power cases Just described, the

temperature differences are 140°F. These values may be too high ,for

/

' I J I ......_t _ i i __ i m __ mmnil I
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reliable operatic% h_ce it wduld probably be be_t to modify tile design

to re3_ce this temperature dlfferenhe to less than 100°Ffor the entire

normal operating range.

This problem may be reduced by considering a flow arrangement close
J

to the one shown in Fig. 1 rather than one corresponding to that of

hFig. 2. For this p_rpose, the dimensions for Boiler No. 8 wereused
7

,_ with a lithium flow _at_-bf 13.5 lb/sec in the parallel-flow region. '

(A 180° bend iz_the superheater region was also 'employed_ the volume

and weight for the resulting boiler will be approxi_tely those values ,
h

listed for Boiler No. 8 in Table 8)• The results of these calculations '

are given in Table 14. The temperature difference between the flows ,

being mixed is about 30° F or less for all steady state Conditions listed,

which appears acceptable. The part load response of thi,;'boiXer

appears to ,be better than that of either the vortex or the previous ),

low entrainment' designs.
.\ "V'

)

J

Table 14. Part Load Conditic_s for Low Liquid E_trainment Design,
Boiler No. 8 with Lithium Flow of 13.5 lb/sec in Parallel

Flow Region, Plus a 180 deg Bend in the Superheater

Lithium Potassium* Potassium

Temperature Quality Temperature
Operation at Reactor at Boiler., at Boiler

Exit Exit Exit
.(

:-_ ( (°F) (°F)

i. Steady stat_at i00% power 2300 i.038 ,2220.1

" '2. Step i_cre_se of 10% full power

from s_ea_,_ state at 100% power 2300 t i.036 2249.4 '!

3. Steady state at 60% power 2095 1.038 2020• 3

4. Step increase of 10% full wet <

from steady state et 60% ..T._wer ' 2095 1.033 2066, 1 "

*Quality greater than 1.00 indicates superheat.
/

,,,_':_(;";,._,,,,kX

/r J,' • '? _!'

,i

J ,

i
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'_ The above bcilers were for the potassium system'. For a compaz_is2_,

with the cesium system_ t_e part, load characteristic_ of Boiler No. 13 "' "'
' ' "' were( @ssen- "6f Table 8 were calculatea. The precepts for this analysls ,:,

tially_ those listed in Table 12 for the potassium syst@m. The correlation /2

for the transition heat trar,sfer coefflczent, develope d by Peterson 2_ for _, "

potassium was also used for cesium as a first estzp_te, A !80 ° bend in t_e
(

dry-superheater region was assumed. The radial aecele%atioh_develope,d in " , .

_n_ _,o0 deg bend was ,calculated assuming an average fadi_s of curvature e.>

o± 2.2 in. for the und]e.':bThe heat, transfer area in the boile_'_'gegion2

that in _he bent portion, of the,,dryer=superbe_ter, and that in the " ,. ,

' straight portion of _he dryer=superheater_were 20, 35, and. 1_ _ ft 2, z'eo

,spectively. The _esults of these calculations are sho_ i_ Table 15. :_

The indicated pm_formaace is similar to that listed in Tabl_ ,i_4• for '_<>_/!"_"
)

the potassDmn boiler:/, i v ..... '

] d ,

,\ Table 15. Part Load Conditions for tI._w Liquid Entrainment Design,, {,/_ .,
• Boiler No. 13 with Lithium Flowi_pf i0.5 ib/see in'Parallel '-'

Flow Region, P_U_ a 180 deg B_end in The S_perheater._ . , , .....

J % *' ,,

.... Lithium Cesium* < Cesium '_ ,,:

Temperature Quality Temperature ,.
u_^pera--on. ,, ' '

/ At Reactor at Boiler <_ Boiler .,
Exit Exit Ex_/t </" ,,

i. Steady state•at IQ0% powerS\,9 2300 1.008 2142 ,. ,' ' ;i_

2. Steady state,at 60% power , 2055 i.002 1896.7 ,

/ 3. Step inerease_0f ,].0_full power _ "., '
, from steady s_a_e "at 60% power 2055 , i.018 2003.61 ,-9 %` ,'

i

,\ , //

_Q.ualities g_ter than 1.00 indicate superheat.> ,_ ,,
])

,_While 5he above e'_a,!eulaticns indicate possible problems and ,-:, ';_ ....

sol_/tions, additienal experimentation nd d_tai].ed calculations, 3,'ould

,, , be l_elpful to confirm the,results. / ,'I "

' "> , ..:)t. ,- ) '

,,,.== )M
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• e major conclusions are as follows:

1.\ The weight of the cesium boiler ig' greater than that for the )
Q

potassium boiler by e factor of 1.3 for the vortex generator design and

2.4 for the low entrainment aesign.

2. The low entrainment design reduces the weight by a factor of
)

about two re,lativeto the vortex generator approach for rotassium boiler-

superheater units; for cesium, the savings in weight is only about'!6%,,

32 _ae volume for the low entrainment design is smaller-_han that

for the vortex design by .afactor of about 4. _:_- .....
\

/ ,

"'; /

2.
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, Appendix A -\

_ I ,<

• i VORTEX GEneRATOR DESIGN EQ_ATIONS

l

Equations for Boiler with Inserts

_,,e'following equations were used in the preliminary design calcu-

lations for the boilel's with vortex generator inserts.. Thes_ equations

Were taken from Ref. 5.
]

Equation Al: Heal. _.ransfer ccefficlient for superheated vapor.
-\

h'D VH p

_ ke = 0.359 -e , (Npr

where
5

h = the heat transfer coefficient

, k = the thermal conductivity of ,the vapor

" gg = the viscosity,of the vapor

pg = the d.en_'ityof the ve.por

/ ' Npr = the vapor Pralidtl number
_hc g ,

Also, ' '4

• / VH= + ,

j
Q ,\ /

where \, ,) , ,

, V = the velocity in the axi_l direction

i

Di /

^ _. p ,the dia_nete_ go pitch rat'io for the inserts

........ )

-', )

0

,) 0

9

\ t
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Equation A2: Radial acceleration

a - 24 I XG _ DDp__

R Di g _ '
' p - f

where

a = radial accelcration"bl

D. = tube ID
1

)

X = quality b

pf = density of the flaid \\\

Equation A3 : Pressure drop in superheater

_LH_S
G2 "

z_ f' ,
ZiP = _fegDe 2pg g '\_-J '

where

AP = pressure drop

_Z = axial length ,_ ,

G =" mass flow rate

g = 3i.2
L = axial length

,)

D[
LH =" + (v --P)

/)

i

f 1/4 '

eg = o.316/%e )
_ g

_ J

De VH Pg
N_e = _,_

g "';
J

,I I

gg = visc,osi,ty,,of,_thevapor
; 4

_, pg = density of t apor, ,\

g

" -) t

,)
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Equation A4: Frictional pressure drop in two-phase flow

zxp---fefDi _ ,2pfgc.-L- .

where _ ,
'/

= two-phase pressure drcp multiplier (see Ref. 17) "'

R
"'fQe ef

De ,VH Of_

NRef _f

where _f is the viscosity of the liquid.

Equation A5 :

(_cb) -)(.,,.

D i + Di -, ..<,

' De Dcb i "_

' _ i + DT+-- (1-) '

_X 7r Di ,,
whet% '
, \h

Dcb = diameter of the central rod of the insert around which is
the twisted ribbon.

) %.

l

/

'i

)

r
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'i''_''z('_':)_';'''':_ _.))_._ _.;a_'_°""': " Appendix B

° COMPUTER CODE FOR MINIMUM ENTRAINMENT DESIGN

. The foilowing describes a CEIR computer code used to calculate the

boiler characteristics in the subcooled and boiling regions for the

minimum entrair_ent approach. The code calculates the required heat '

transfer area and the tu0e length for bonh the subcooled and the boiling

regions. The friction pressure drop across the boiling region is also

calculated.

The code first calculates the requirements in the subcooled

region and then those in the boiling region. The heat load in each

region is divided by ten. The heat transfer area and the tube length

required for each of these smaller sections is then calculated. This

calculation consists of dividing the section heat load by the product of

the overall heat transfer coefficient and the section L_D.

The pressure drop in the boiling region is calculated assuming that
(

annular flow exists over 100% of the boiling length. The calculation

procedure is based on the work of Chien and Ibele (Ref. ll). First, the

superficial Reynolds numbers are calculated:

and _"

?

Next, the two-phase friction factor is calculated by

f/ = 3.680 x 10 "7 Re/°'582 Re_ °'7°5g g

Finally, the pressure drop is calculated by

L _gy_
_p =_ f/__.,

g D 2gc
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The following list is a step-by-step description of the code. The

numbers listed correspond to the code scatement number. The case illus-

trated is for a potassium boiler using tapered tubes_ the design critical

quality is 97%. A iisting of the code appears at the end of this appendix.

4. L1 is a first guess for the total length of the subcooled and

boiling regions.

5. N7 is the number of tubes.

9. D8 is the pressure drop over the boiling region and is initial-

ized to zero.

10. L is the length from the boiler tube inlet.

ii. Z7 is a control variable: if this has a value of i, the quanti- .

ties listed in statament 406 are not printedl al_ other value causes them.

to be printed. : r
/

15. A5 is the total heat transfer area and is initialized to zero.

16. V9 is the vapor viscosity in ibm/sec-ft. -"

17. V8 is the liquid viscosity in ibm/see-ft.

18. R5 is the vapor density in ibm/f'ca., ., ;

20. W1 is theprimary fluid flow rake in the parallel flow region,

ib/sec. .,

30. CI is the specific heat of the primary fluid, Btu/ibm-°F. "

35. W4 is the flow rate of' the working fluid, lbm/sec.

40. KI is the thermal conductivit.y of the primary fluid, Btu/hr-ft-°F.

50. C2 is the specific heat of the working fluid, Btu/lbm-°F.

60. K2 is the thermal conductivity of the working fluid, Btu/hr-ft-°F. _

65. X7 is the quality (fraction) at the exit of the boiling region. ,',,

71. W7 is the vapor flow rate_ ibm/sec , at the exit of the boiling ,
b_

region, and is found by multiplying the total flow rate by the quali_y _

at the exit., _ _,

80. BI is the heat load, Btu/ibm, in the subcooled region.

!

-
' t
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85. B2 is the heat of vaporization, Btu/ib m.

90. B2 is multiplied by x7 to give the heat load in the boiling

region.

i00. T is a control variable used in statement 210, and is initia-

lized to zero to indicate the subcooied region.

ii0. TI is the inlet 'temperature of the primary fluid s °F.

120. T2 is the working fluid inlet temperature and is calculated by

subtracting the heat load in the subcooled region divided by the ispecific

heat from the temperature in the boiling region, °F.

130. R3 is the thermal resistance ofthe wall material _ich is

0.03 in. thick and has a thermal conductivity of 35 Btu/hr-ft-°F,

hr-ft2-°F/Btu.

150. This statement starts a loop, ! = i to 20; for 1 < i < _0_ the

counter I indicates the subcooled region; for Ii < I < 20_ the counter I

indicates the boiling region. Each I designates a section of the boiler

which transfers one-te_th the heat load for the region.

160. D2 is the tube ID which has an inlet value of 0.2 in. and an

exit value of O.g5 in. for tapered tubes; for straight tubes D2 has a

constant value of 0.45 in.

170. DI is the tube 0D, and is calculated by adding the wall thick-

ness, 0.005 ft, to D2, ft.

175. S is the-tube spacing, ft. -

180. D5 is the hydraulic diameter on the shell side, ft.

185. A8 is the flow area on the shell side per unit cell_ ft2.
I

187. G1 is the flow rate on the shell side, lb/sec-ft 2.

]90. Id is the heat traasfer coefficient on the shell side_

Btu/nr-ft - _.

8k

h:=[7+0.O25(aDl°;3(c/k)

200. 'R1 is the thermal resistance on the shell side, hr_ft2-6F/Btu.

210. This s'oatement tests the control variable T; if T >0 then con-

trol is transferred "to statement number 270 indicating the boiling region;

if T'< 0, control is transferred to statement number 220 for the subcooled

region° , J

ii
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220. H2 is the heat transfer coefficient of the working fluid in the

subcooled region_ Btu/hr-ft2-°F.

h = [7+0.03(W/D)o._(Cp/k)o._]k/D

230. R2 is the thermal resistance on the tube side, hr-ft2-°F/Btu.

240. T4 is the working fluid temperature after adding one-tenth the

heat load of the subcooled region, °F. This is calculated by adding one-

tenth the heat load of the subcooled region divided by the specific heat

to the original fluid temperature.

250. H8 is the heat load_ Btu/Ibm.

260. QI isthe head load per sectlon_ Btu/hr_ this is calculated by

multiplying one-tenth the heat load in the subcooled region by the flow

rate, W4, and by 3600 sec/hr.

265° This statement transfers control to statement number 310.

270. R2 is the thermal resistance on the tube side, hr-ft2-°F/Btu.

271 to 278. These statements cause the calculation of constants

used in the pressure drop calculation in the boiling region.

- 280. T4 is the temperature in the boiling region.

281. MI is the vapor flow rate in the boilir.g region, ibm/Sec.

282/_2isthellquidflowrat_Intheboilingregion,l_/sec.
283. $7 is the superficial vapor Re_r_olds number; this is calculated "_

as four times the vapor flow rate (ibm/Sec) divided by the product ofv_

the hydraulic diameter (ft) and the _apor viscosity (ibm/Sec-ft/.

284. $8 is the superficial liquid I_eynoldS number; this is calculated

as four times the liquid flow rate (ibm/s:ec)divided by the product of V,

the hydraulic diameter (ft) and the li_id viscosiCy/(ibm/Sec-ft).

(,_ 285. F is the superficial friction' factor of the two-phase flow:

_° (sS) 7o5F = 3._68 x lO "7 (_/)o.,_2 O. _. ,,

286. VI is the vapor velocity_ ft/sec; this is calculated as _

• .,_2 ) !_

ira/t'-'g- pg '_.
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290. H8 is the heat load in the boiling region, Btu/ibm.

300. Ql is the heat load per section, Btu/hr] this is calculated by
,l

multiplying one-tenth the heat load inthe subcooled region by the flow

rate, W4, and by 3600 sec/hr.

310. T3 is the primary fluid _empera,ure after giving up one-tenth

the region heat load, °F.

320. U is the overall heat transfer coefficient, Btu/hr-ft2-°F:

330. 01 is the temperature difference between the working fluid<

and the primary fluid at the inlet of the section.

340. 02 is the temperature difference between the working fluid and .,_

the primary fluid at the exit of the section.

345. This statement transfers control to 352 if 01/02 is greater

than 1.5.

(

346. This statement transfers control to 352 if 01/02 is less than

0.66.

350. 59 is the section MTD and is calculated as the average value

r of 01 and 02. _

351° This statement transfers control to 360.

352. L9 is the section LMTD and is calculated as

L9 = (01 _-02)/in (D__)01,,.

360. AI is the mean heat transfer area per foot of tube for one tube_

(ft2/ft). _ ., _?

361. AI is multiplied by the number of tubes to give the mean heat

transfer area per foot of tube for the boiler, (ft2/ft).

365. A9 is the heat transfer area required for the section, ft2] :

ibis is caiculs.ted as the heat load divided by the overall heat transfer

coefficient and the LMTD.

370. A5 is the sum of the required heat transfer area.

375. L8 is the tube length required for this section; ft] this is

calculated as the area required divided by the available area per foot of

boiler.

380. L is the sum of the required tube length, ft. 1

i

I, i
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381. This statement transfers control to 390 if I indicates the sub-

cooled region.

_8_. D9 is the two-phase pressure drop over the sectionj psi; this is

calculated _s

D9=F P L V 2
2 g D I---E_"

383, D8 is the sum of the pressure drop in the boiling region_ psi.

390. T1 is assigned the value of T3; this establishes the primary

:_uid te_uperature at the iDlet to the next section.

400. T2 is assigned the valxe of T%; this establishes the working

fluid temperature at the inlet to the next section. _ _

401, This statement transfers control to 404 unless I = 20.
!

402. Q is the heat flux at the exit of the boiling region as ca!cu-

fated by %he product of the overall heat transfer coefficient and the

temperature difference between the fluids,

- 403. This statement prints the heat flux_ the overall heat transfer .-

coefficientj and the temperature difference between the fluids for the

conditions at the exit of the boiling region. " -

,_ 404. This statement transfers control to 41d if Z7 = I.

405. This statement calculates Q (see 402).

406. This statement prints the total length up to the section, lengih_

the section heat transfer areaj the overall heat transfer coefficient 3 _ %_

and the heat flux at the exit of the section.

410. This statement transfers control to 430 if I = i0,

420. This statement transfers control to $40. _ i

430. T is assigne d the value of one to indicate the boiling region. -i-

431. The length and_}_at transfer area for the_subcooled region are_, !

printed.

440. This statement indicates the end _fthe i_o_'__3-__Tis increased by

one and centrol is returned to statement 160 if I _ 20, \

450. _e length required in the subeooled and boiling region is

printed,

451. The _rca required in the subcooled and boiling region is printed.
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r.

455. The pressure drop i_ printed.

460. This statement assigns the ca/culated length to the assumed

length, L1.

4'70. This statement transfers control to 5. If the assumed length

is sufficiently close to the calculated length_ tile calculations are

manually terminated.

52B08. This statement signifies the end of the program.

!
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4 LET LI=5 ":

5 LET q7=58 • <
9 LET D:d--O _.

I0 LET L:O _
!I LET L?= I
15 LET A5=0
l& LET 129=1.545E-5
17 LET V6:8.05E-5 _
l_ LET R5=I/2.7257
_-_ LET WI=9.6
30 LET CI=.9815
35 LET W4=2. fi2

40 LET Kl=29.5a

50 LET C2=.21

60 LET K2=13-6
65 LET ;(7=.97
7,̂ LET W2-.03865
71 LET WT=X7_W2

60 LET BI=26.52
85 LET B2=718.55 ,;
90 LET Rg=X7*82

lOf_ LET T=6 _

110 LET T1:2300 _._
126 LET T2=2125-BI/Cfi :

130 LET R3=.O3/(35*lfi)
150 FOR I-I TO 20
160 LET Dfi=(t2+-25*L/Ll)/12 '
170 LET DI=D2+.005
175 LET S=.0625/12 _
180 LET D5=(DI*(C(DI+S)/DI)t2 *I.10_-'I)) :"

I_5 LET AS=.433*(DI 2_*-39" '
187 LET Gl=Wl*3600/(2*N7*AS) r_

• J,
190 LET dI=(7+.O25*(Gl*D5)t.B*(CI/KI)t.8)*KI'D5
200 LET RI=I/HI - _
210 IF T>O THEW 270 - . "_
220 LET H2=(7+.O3*(W2/D2) t.8*(C2/,(_-)).8)*K2/D2 , "_
238 LET R2=I/H2
2_z40 LET T4=T2+B1/2, I
250 LET HS=B1
260 LET QI=BI*W4*360 -.,

265 GO TO 310
270 LET R2=l,E-4
271 LMT Yl=3. 14159"D2
272 LET Y2=YI*V9
273 LET Y3=a/Y_
274 LET Ya=YI*V8 ,j

275 LET Y5:4/Y4

276 LET Y6=2-88,32. 174_D2
277 LET YT=R5/Y6

27_5 L_T Y8=3. 14159'_D2)2*RS/4
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280 LET T4=2125

281 LET Ml=W7/20+(l-ll)*W7/10
282 LET M2;W2-MI

283 LET $7 :./3_.:Ml
284 LET SS=Y5*M2
285 LgT F:3.68F--7*STt.582* c'".._ t o 705

286 LET VI=M]/Y8
299) LET HS=Bfi
3}0 LET Ql=B2*W4*369
310 LET T3=TI-rIS*W41(WI*CI*IO)

326 LET U=i/(RI+R2+R3)
330 LET OI=TI-Tfi
340 LET 02=T3-T4
345 IF (01/02)>I,5 THEN 352
346 IF (01/02).<,66 THK:.Q 352
350 LET L9=(01+02)/2
351 GO TO 369
352 LET Lg=(oI-Ofi)ILOG(OI!02)

360 LET AI=3. 14159,(Dfi+.03/12)
361 LET AI=AI_N7
365 LET Ag=QI/(U*Lg)
370 LET A5 ._5+A9
375 LET Ls=Ag/AI
380 LET L-L+L8
381 IF" I<ll THEN 39l_
362 LET Dg:(F*Y7_cVIt2)*L8

383 LET D_=DS+D9
390 LET TI--T3
400 LET T2=T4
401 IF I<2£) THEN 4_4 "
402 LET 9=1J*02
403 PRI._T "@sIJ, DT AT EXIT ARW",t4_U_02

40zt IF /-7=I THEXl 410
405 LET Q=IJ*OR

406" PRINT L,L_.,Ag,IJ, Q
z_I@ IF I=10 THE'_J430

420 GO TO 440
430 LET T=I
431 PRI'4T "FOR SIJBCOOL L AND A HRE'%L_A5
,440 ,XIEXT I
450 PRI4T "L",L

451 PRINT "A",A5
455 PRI,_T "DP",:)8
460 LET LI=L
a70 GO TO 5
5230_ EID'

,j

f
m
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450 GOSUB I000
451 iF Z=@ THEN 460
45__ LET U=3*(H6+H5)/2
'_60 LET U=3 H6
470 GO TO _90
480 LET !J=3*H5
490 GO._U8 900
,a95 LET ?=T+0.9./(W2*,gE'!5*3600)
540 IF XI<=I THEN 570
560 LET Tg=T9+O2/(3600*W9*C1)
570 NEXT I
5Rg. IF N>9-._ THEN 650
60_0. PRINT "AT BEND EXIT K "[ AND X ARE"_,T9JXI

610 LET Z=O
69_0 LET N=5!
69_5 LET Z8=O
630 GO TO 410
650 PRINT "_T EXIT K T AND X ARE"JTgJXI
66_ LET 06=09-07 --
665 PRINT "EX LI ..._', ,T
670 LET TB='f-06/(W2*.9RIS*36_t_)
6-80 LET TA=((WleT3)+(W2*T5))/17
69(_ PRINT "T P",TB,"T C",TB,"T M".,TZ_ ?_
gg_ GO TO 19t_t_
9_ LET.q 1 =U*Tg-
910 LET 09-=.1-.*01 -"
9P.@ LET 09=09+09_
930 LET OR=O9/(O600*W9)
9,a0 LET XI=Og/HI
95ta RETURN
960 GO TO 19-00.
I_100 LET Z.9.=fI+._.9)t,O_'_9-,55E5
1_05 LET N5=Tq
1_07 IV N5>30 THEN 1__17
1¢09 LET N5=30
1_17. LET X3=×1
1_13 IF X3<l TH_N 1016
I.C41A LET Z4=0
1_15 GO TO 109-0
1016 LET Z3=C1/X3-1)t.7/NBt_.
I017 LET Z4=Z3*Z2
I018 IF Z_>O THEN 109-_
1019 LET Z,_=O
10_.0 LET _6=HB*(l+Z4)
103t_ RETURN
120_ END
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I_ Rw.._r) T_,.v. IJLI_I_3
1.P D/_T._ 2125, 719,1._, ,9_9
15 LW..T r;l-.3
_cA L_T Tg--TF_
P5 LET T"_9,(_3.5
30 LET T1--T
35 LET WI=I7
zl_ LET Wg-=17-1ql
z_5 LWT U=165t_
5_ LFT ka9=-Ll*9_.9_.9_
1 5__ LET Tg.=T1-T9
1 6_ L__T ZI--';;-_
1 7_ LET ag=ql
1_0 LTT g9=0
90_ FOR I"1 TO 6R.
9. 1._ GOSUB 9ao
_9p_a LET Tl=TI+(,)R/(t_l*,9915*36_I_)
_P.20 L_T Tg=TI-T9
9_7ff IF ZI=I THrN 32( z.
P-75 IF Xl,:.3 THFN _7r)l
9._ L_T 05=_5_0_*(1-Xl)
9_9_ IF c)1<_5 TH_.N 37.a
3C4f_ Pr_INT "r3_O AT"_I,"LI T"ITI_"gI,.I._L"IXIJ"O/A"J.t) I
310 LET 7.1=1
3R'_ LET D=o,49Zt
330 L_.T G=W9/.056
340 LET H5 --.__laS*(66_Cl*G)t,563
3z_5 LET ._9=(Xl*G,_O3*a.lA__)t2
350 GOSUF_ 1000
3(_ LI_T IJ=l/( 1/H6+5.O6_E-,_)
361 IF XI<I TH_.N 370
362 LET T9=T9+_.R/f;;5O3_*W9*C1)
370 NEXT I
a_9 PRINT ".a.T _OIL __XIT LI T /_ND X .t_RR",TI,X!
aa! P_INT "K T IS"_T9
89_ GO TO 19_00
9_3 LETgl--U*T_

,," , J
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910 LET _.=.5,c_1
92_1 LET 09=09+0_
930 LET Og=g9/(36.OO*l,49)
9_ LET ×l=gg/H1
950 I_ETURN
96_ GO TO 19_

_5 L_'T NS=TR
007 IF N5>30 THEN 1_12 :
_1_9 LET NS=31a /
.r4.1R L_T X3=X1
013 IF' ×3<I THF'.N 1_16
_14 LET 7_Zt=O
t_15 GO TO lt_P_O
016 LET Z3-(I/X3-1)t.7/,N5tR
017 LET Z4"-Z3*Z2
0.18 IF" Z4>O THEN lt_PP_
019 LET Zzl=_
020 LET H6=H5*(l+Z4)

_,, _?_r_ END

_f
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